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Charge to the Committee

wThepossible factorghat usefully could be included in a

ColemanSagan formulation

describingthe probability that various types of missions mighbntaminate with
Earth life any liquid watereither naturally occurring or induced by human
activities, on or within specifitarget icy bodiesor classes of objects;

w ¢rd&e of valueghat can be estimated for the above factors based on
current knowledge, as well as an assessmentohservative valuefor other
specific factors that might be provided to missions targeting individual bodies
classes of objects; and

wScientific investigationshat could reduce the uncertainty in the above
estimates and assessments, as well as technology developments that would
facilitate implementation of planetary protection requirements and/or reduce tt
overall probability of contamination



Time line for the report
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Decemberl5,2010- Organizational teleconference2
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May 13, 2011 Telecon
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August 2011 Draft Report

October, 2001k Sent to Reviewer

November 201Xk Reviews Received

December 201X Initial committee response, Report revisions
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January 2012 Revised Report, Response to Reviews to Review Coordinator
February 2012- Response to Review Coordinator and Report Revision

March 2012¢ Report approved for Release

April 2012¢ NASA Briefing



Major Recommendations:

A The committee does not support continued reliance on the
ColemanSagarformulation to estimate the probability of
contaminating outer solar system icy bodies

A Planetaryprotection decisionsshouldnot rely onthe
multiplication of probability factorsto estimatethe likelihood of
contaminating solar system bodies

A Replace the Colema®agan formulation with a series difinary
(l.e., 99.99% confident yes/no) decisiottsat consider one
factor at a time to determine necessary level of planetary
protection*

*Multiple factors that guide asingle binary decisiopoint can be
multiplied if they are completelyindependent and theirvalues
and statistical variationare known.



PRESENTATIONS TO COMMITTEE ON PLANETARY PROTECTION STANDAF
FOR ICY BODIES IN THE OUTER SOLAR SYSTEM

NASA HQ Briefing:
Needs and Expectations o
b! {!1'Qa hdzi SNJ { 2T NJ {eaudSY t NEBINI)

Planetary Protection Briefing:
COSPAR
Prior NRC Planetary Protection Studies (Mars, Europa)
Planetary Protection for Europa Missions
ColemanSagan Formulation

Icy Body Briefing:
Jovian Systems and Radiation Environments
Satellites of Saturn, Uranus ardeptune
Trojans, Centaurs andBOs

Geology of Icy Bodies Briefing:
Europa,EnceladusTitan, Triton Trojans Centaurs and KBOs
Surfacesubsurface transport

Biological Science Briefing:
Temperature Limits for Life
Microbial life in Glacial Ice
Microbial toleranceg PsychrophilesHeat Resistance, Radiation Resistance
Subterranean Biospheres

Technology Briefing:
Future Instruments for Icy Bodies
ElectronicParts and SpacecraReliability
Sterilization Techniques



ColemanSagan probabilistiestimate of contamination

Multiply together:

F, = Estimatedor the number of organisms on thepacecraft

F, =Bioloadreduction treatment fraction

F, =Cruise survival fraction (surviving the space environment)

F, =Radiation survival fraction

F; =Probability of landing at habitable site

F, =Burial fraction (Protection against radiation)

F, =Probability of growth(Pg

Result must fall belowl 0“=less thanone live organism capable
of growth delivered to the target body iri0,000missions

F -;) F —_—> FFy —_—> FERF
Assembly Cleaning Cruise Destination
Clean Room Laygrtepace Orbiter or Landel




ColemanSagan probabilisticalculation for mixed community
(Think Europa 2000 repodg but current COSPAR policy uses similar but simplified vers
N,defines the number of viabléype ¢ x organisms delivered to target body

Nys= NoFR R R R
P.=Sum (Ngin the limit of a small value (e.g., I
2000 EUROPy&port N*s(summed acros$our physiological classes3.8x 10°

Nyo= Numberof viable cells on the spacecraft befotaunch
= TotalNumber of Cells Relative to Cultured Cells

= BioburdenReduction Treatment Fraction

= CruiseSurvival Fraction

= RadiationSurvival Fraction

= Probabilityof Landing at an Active Site

= BurialFraction

= Probabilitythat an Organism Survives arRroliferates= Pg
F,,= Survivabilityof Exposure Environments

F,,= Availabilityof Nutrients

.= Suitabilityof Energy Sources

Fq= Suitabilityfor Active Growth.

NPLPALPL PPN

Currentknowledgedoes notconfidently assign valuesvithin factor of 10
Not all bioload reduction factors are independent



Life Boats on the Titanic




Life Boats on the Titanic

Ng=No P F
Ng = numberof lifeboats
N, = total number of passengers and crew (2,240
F, = boatsper person (1/2(
F, = probability of hitting an iceberg (1/50
F, = probability of sinking upon hitting an iceberg (1)2
N5 =2240 x 0.05 x 0.02 x 0.51F12

A perfectly reasonable calculation that shows the expected numbe
of lifeboats needed per voyage.

However sinking of a passenger shipassingular catastrophic event
(not unlike an irreversible contamination of a planetary body);
long-term expected average isn't a useful measure!



RecommendationPlanetary protection should not rely upon the multiplication
of bioloadestimates and probabilities to calculate the likelihood of
contaminating solar system bodies with terrestrial organisms UNLESS scient
data unequivocally define the values, statistical variation and mutual
independence of every factor used in the equation.

Needto answer (qualitatively) two questions:

A. Is there a nomegligible probability thatterrestrial microbeswould survive
the launch,voyage and landing

B. Is there a nomegligible probability thatterrestrial microbes wouldbe able
to proliferate?

Don'tdo it

yes

no Be careful when looking
for extraterrestrial life

Nothing to
worry about



BinaryDecisionTrees

RecommendationPlanetary protection should employ a series of
binary decisions that consider one factor at a time to determine
the appropriate level of planetary protection procedures

Caution:Operators in true decision trees represeath NE
rather thanda |y dpérations. Probabilities for different
decision pointsmust not be multipliedto arrive at a
probability.

Exception to this ruleWithin asingle binary decisiojif
their values are known with high level afonfidence,
multiple factors can be multiplied to arrive at a probability.

Evaluating the Biological Potential in Samples returned from

Planetary Satellites and Small Solar System Bodies
NRCcSpace Studies Board 1998



Do current data indicate that the destinationlacks

'Yes 1_' liguid water essential for terrestrial life?

No
Do current data indicate that the destinationlacks

<Ye_52- any of the key element<, H, N, P, S, K, Mg,Ca, O
and Fe, required for terrestrial life?

Clean Room assembly but
no bio-load reduction
required for Planetary
Protection

No
Do current data indicate that the physical
" properties of the target body are incompatible with
known extreme conditions for terrestrial life?

_ : , o
<«——— an accessiblesource of chemical energy

No
Yes 5 Do current data indiczite that the probability of the
. Spacecraft, spacecraft parts or contentsontacting
the habitable environment is less than 10 within
103 years? } No

Yes 6. Do current data indicate that the lack of complex and
G——

heterogenousorganic nutrients in aqueous environments
of icy moons will prevent the survival of irradiated and
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I desiccated mlcrobeg‘ No

Minimal Planetary Protection 7. Do current data indicate that heat-treatment of the
Standard cleaning,bioload  Yes  spacecraft at 68 C for 5 hours will eliminate all

monitoring, heating sealed physiological groups that can propagate on the
components to 60 C for 5 hours target body? ‘ NO

and molecularbioload analysis

Stringent Planetary Protection Required: NASA standard cleaning andbioload monitoring, molecular
bioload analysis, and Vikinglevel, terminal sterilization OR decline mission.



Decision Pointgor PlanetaryProtection

7 decision points (Chapter 3)

DecisionPointOne: Availability of Liquid water
DecisionPoint Two: Avalilability of ~70 key elements (C, N, P, O, H, S, etc.)
DecisionPoint Three: Physical and chemical extremes e.¢.5°C> Life <12ZC
DecisionPoint Four: Chemical energy (electron donors eEg**, SH, organic
carbon,coupled with electron acceptors e.Q,
SQZ, 0, HO,)
DecisionPoint Five: Probability of contactingwith potentially habitableregions
<104 over a 1000 year time frame
Decision PoinSix:  Nutrients sufficientto recoverfrom radiation/desiccation
Decision Point SeverHeattreatment (e.g., 60C for 5 hoursfannoteliminate
physiological typeghat might grow on the targetbody

RecommendationNASA should adopt a binary hierarchical decision
making framework where affirmative answers to any decision point
would eliminate further requirements for planetary protection.



Period of protection:
Committee on Planetary Protection Standards
for Icy Bodies in the Outer Sol&ystem (Icy
Bodies Committee)

COSPAR Policy:

Initially recommended planetaryrotection extend throughperiod of exploration

Current definition: 50 years after a Category Il or IV mission reaches target
(But planetary exploration is a young science with missions planned for decad

Ilcy Bodies committee considers 100 years too short

2000EuropaReport:

explicitly assumes planetary protectionorderson perpetuity

Ilcy Bodies committee expresses concern that indefirtit@e horizonwill leadto
ad hoc practicakolutions.

lcy Bodies Committee

No sound basis for recommendation of 10,000 years or more
Impossible to estimate timeframe of exploration of the solar system:
Assume the period of protection will extend for the nexmillenium



A Geophysical Perspective and Inventory of Habitable

Environments on IcyBodies relative to Decision Pointsa
(Water, Key Elements, Physical parameters compatible with life, Chemical
Energy, Contact with habitable environments)

(Special emphasis on Decision poinrmntacting Habitable
Environmentg

Survey oficy bodies to delineate areas of concern for planetary
protection where preponderance of geophysical and chemical dats
Indicates potential habitability for terrestrialife and evidence of
resurfacing in the last 1®years.

A Biological Perspective relative to Decision Pointglland
emphasis on 6 and (Water, Key Elements, Physical parameters
compatible with life, Chemical Energ{zomplex Organics and
nutrients, Survival at 6€C)



A Geophysical Perspective and Inventory of Habitalbdg Bodies
Decision point 1: Liquid water:

Europga Ganymede(Callistq Titan, Enceladuspossibly Dione
No significant liquid on small, irregularly shaped icy bodies
Decision point 2: Key Elements and their bioavailability:
Insufficient data to constrain presence/absence but C, S, and |
likely present as iceglathratesor simple organics
Chemicamodelingpredicts all Phosphorus on Titan
sequestered in phosphinestead ofphosphate.
Decision point 3: Physical constraints

Temperature ranges are better constrained than key elements
Liquid water in contact with ice hovers at freezing point:
Pure water-20°C at 100 km
|ce+saltor ice+ammoniaat temps as low as97°C
Ice constrains the temperature of water
Contact with warmer rocks at great depth can lead to porous
convection andoroad down-wellingsand focused upwellings

Mixing of the hydrothermal fluids minimally increase
temperature of surrounding oceans

Decision point 4:.Chemical Energy
Great uncertainty about availability of redox couples and
maintenance of energy through geochemical cycles
Radioactivedecay could hydrolyzevater for chemical energy



Decision Point 5 Contacting Habitabld&=nvironmemnts

Floating outer ice is formidable barrier to microbial invasion
Vertical transport and concerns about planetary protection:
Top Down and Bottom up vertical transport

Limitsto the vertical range
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ImpactGardening
Europa most vulnerable

Tensile Fractures
At some depth fails in shear
instead of tension; forms
slope rather than crack

CryovolcanismEuropa,
Ganymede Enceladus, Titan,
Ariel, and Triton

Material flows towards

surface

Drain backeventsrare

NearSurface Melting

Requires 10higherheat
flow than inthe south
polar terrainof Enceladus

~10 to 100 km thick ice shdk.g. EuropaEnceladusTitan, and Triton
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wDust and vapor emerging from major cracks at south pole
w /2Yy0FrAya 6 0SN OFLIR2NE aAYLIXS 2NAL

Ideas for formation:

w / 2YRSYyairy3a @FLE2ZN ¥

w ¢CKNRGGESR Saol LS 7
caverns full of liquid water?

Fractures provide @irect conduitfrom the
subsurface to the surface



Youngest limit of surface age estimates

S o P

b
Three bodies of concern for geologically Al

. . / 8 i >
recent activity 10 years i

f‘f

Enceladus

Triton



A Geophysical Perspective and Inventory of Habitable
Environments on Icy Bodies

RecommendationEvidence of widespread resurfacing activity within the past
108 years requireghat NASA evaluate planetary protection requirements for
Europa,Enceladus and Triton using a hierarchical decisiemaking

framework .... mustdemonstratethat their plans for missions to these bodies
have less than a I®chance of contactingn area of active surfaceubsurface
transport within the next 1,000years.

Finding The possibility for active transport of contaminants into a habitable
portonof C A i yQ&a AYUIUSNA2NI 20SNI | mnnm &
NEY2@OAYy3a ¢AlFY FNRY KAIK fS@Sta 27
average surface age appears to be older than the§8ar cutoff, and though
putative cryovolcanideatures have been found, all firm evidence for current
geologic activity on Titan is driven bgxogenicprocesses involving the
methane cycle and windblown sediment, none of which is habitable for
terrestrial organisms.



A Biological Perspective Decision points #4 are Geocentric

Decision point 1: Liquid water: All life has absolute requirement for liquid water
Jupiter'smoons Europa, Ganymedé&allisto
Saturn'smoons TitanEnceladusand possiblyDione

Decision point 2: Key Elements and their bioavailability:
Life requiresC, H, N, O, P, S, M@a Na, Fe and 70 other
elementscan serve essential roles in proteimediated catalysis
Insufficient data to constrain presence buhemicalmodeling
predicts all Phosphorus on Titan sequestered in phosphine
Decision point 3: Physical constraints

Microbial growth at orabove-15°C although metabolism can
persist at-20°C. Upper temperature limit 122C
Geophysics suggests liquid water B0 km or adce+saltor
ice+ammoniawill maintain temperatures below20°C.

Cannot rule out local warmer temperatures fueled by
porous convection from warmer rocks at depth and upwelling.

Decision point 4:Chemical Energy
Life requires chemical energyredox couples- Electron

donors(e.g., Fé*, SH, organic carbon) and electron acceptors

(e.g., CQ SQ?%, O, H0,). All could be present on icy bodies.
Radioactivedecaycould hydrolyzewater for chemical energy



A Biological Perspective relative to Decision Points 6, 7
A few guiding principles for Planetary Protection.

1. The vast metabolic and physiological diversity of microbes
allows the colonization of diverse environments

2. Niche competition constrains optimal microbial growth of
iIndividual microbes to alimited range ofconditions.
egb YAONROSE UKI O “Qédamha 2 LI
surviveat 122°C

3. Theenvironmental source of organisms on the spacecraft and
will dictate their ability to grow at low temperatures of icy
moons g.d.,at 0°C or below

3. Microbes have evolved specific survitatticsnecessary to
tolerate explosureto radiation or extremely low vacuum

4. Heat tolerance correlates with growth temperature.



A Biological Perspective
Decision point 6: Complex and Heterogeneous Nutrients
Bacteria andArchaeaon spacecraft or surfaces of icy moons wi
experience high levels of radiation flux. Microbes in concealed
or radiation-protected components could survive
Only microbes thatare radiation resistant e.g.Deinococcus
radioduransare likely toremain viable.

100%-

Survival

10% -

0 10 100 1,000 10,000 100,000
Dose/Gy

The ability to repair damage from radiation exposure requires
complex, heterogeneous nutrients including complex forms of carbon
that to the best of our knowledge are not available on Icy Bodies in
the outer solar system.



A Biological Perspective
Decision point ¢ Minimal Planetary Protection
The Geophysical perspectives indicatgsrsistent temperatures

will not exceed OC orlower. The known lower temperature
limits of terrestrial life is-15°C.

The maximum temperature range of growth fdtsychrophiles
and facultativepsychrophiles A S& 0 SQané&BY. L p

Non-spore-forming psychrophileswill not surviveshort
(minutes) exposure tdemperaturesgreaterthan 20°C.

Non- spore-forming facultative psychrophileswill not survive
short-time exposureto temperaturesabove their maximum
growth temperature (>20°C to 40C)

Psychrophilesand Facultativepsychrophilesare not adapted
at the molecularlevelto grow or survive at temperatures
muchmore than 10Cabovetheir maximumgrowth
temperature

Heating to60°C for Shourswill provide sufficientbioload
reduction for nonspore-forming psychrophilesand facultative
psychrophiles



SPORE DEATH TEMPERATURE C

120

Typical spore forming bacteria
exhibit Dy valuefor heat
iInactivation of 10 minutesat
approximately40°C above the
maximum growthtemperature.

110

100

90

80

40 50 60 70
MAXIMUM GROWTH TEMPERATURE C

Spores from psychrophilic bacteria are likely to be rendered
Inactive at 40C aboveaheir maximumgrowth temperature



Concluding remarks:

Finding If the preponderance of data eliminates presencdigtiid water,
the likelihood of bioavailable phosphoriysources of redoxouples for
energy, or complex organiaequired for radiation resistance on icy bodies
In the outer solar system, planetary protection will only require routine
spacecraft cleaning and minimal monitoring.

RecommendationMolecularbased inventorie®f bioloadsincluding both
living and dead taxa must be collected in order to document the range of
physiological capabillities of potential contaminants in component and
spacecraft assembly facilities.

Recommendationlf the probability of contamination exceeds f@&fter
treatment at 60C for 5 hoursfull Vikinglevel, terminal sterilization
planetary protection must baindertaken



Examples of Implementation
Example 1. Comet lander

(0p)
Q)¢
c

Za\
c

(am-N
A
(0p)

© / dNNByid RFEGF AYRAOI

Do current data indicate that the destinationlacks liquid
water essential for terrestrial life?

| Ye 2 Do curren nlacks any of

the key element<C, H, N, P, S, K, Mg,Ca, O and Fe,

| required for terrestrial life?
Clean Room assembly but noll o V No ) )
bio-load reduction required ve 3 Docurrent data indicate that the physical properties of
for Planetary Protection | the target body are incompatible with knownextreme
| conditions for terrestrial life ?
No

| Ye 4 Do current data indicate that the environment lacks an
accessiblesource of chemical energy?
I * qy

No
| ve 5 Docurrentdata indicate that the probability of the

G spacecraft, spacecraft parts or contentsontactingthe
| habitable environment is less than 16 within 103 years?

I v No

| Ye 6 Do current data indicate that the lack of complex and )
= heterogenousrganic nutrients in aqueous environments of icy

moons will prevent the survival of irradiated and desiccated
microbes? No

Ig/ltinirgalcflﬁmetary l;_roltecéion 7 Do current data indicate that heat-treatment of the
mgr?itc?rring %%rgtri]r% it Ye . sEac_ecraf_t at 60_C for 5 hours will eliminate all
componenfs t0 60 C for 5 ho_urs‘s_ go)éilgloglcal groups that can propagate on the target
and molecularbioload analysis ’ v No

Stringent Planetary ProtectionRequired: NASA standard cleaning andbioload monitoring, molecular bioload
analysis, and Vikinglevel, terminal sterilization OR decline mission.



Examples of Implementation
Example 2: Enceladus geyser surface lander

~ Ve

w [/ dZNNByYy il RFOGF AYRAOIFIGSA GKFO GKS
w [/ dNNBYyid RIFIGF R2 y2i AYRAOFOS I f
properties, or a lack of chemical energy sources.

w hLISYy O2yRdzA (& SEA&G 0SGoSSy
subsurface and surface at
landing site, so chance of | . 1 Docurentdata ndicate tlat the destinationiacks liuid

‘F water essential for terrestflial life?
| No

encounterlng habltable | Ye 2 Docurrentdatalndlcat; t the destinationlacks any of

. . . the key element<C, H, N, B, S, K, Mg,Ca, O and Fe,
environ ment Wlth IN 1000 |<'F reqwrgd for terrestrial ||fve " 9

Clean Room assembly but nol
Ye 3 Do current data indicate that the physical properties of

years |S more than lﬂ ?éf'pl»?gﬁeﬁ?;girg?eﬁ%ﬂmd I{'g— the target body arelncomf e})tlble with knownextreme
FaS 7 = A No

w [/ dNNByd RIFGl - | yie2 ook e e

Say abOUt nutrlents. Ye 5 Docurrentdatalndlcateth tthe probability of the

4.3_ spacecraft, spacecraft parls or contentsontactingthe
| habitable environment is lgss than 16 within 10° years?

a 4 a
. . N
w ttFySul NE LJN\EuSOuﬁyzD}/ M
current data indicate that the lack of complex and "
1 . ' t t c
measures requ|red, the meoﬁn"g @Pﬁreve%?i%é“é&'r ol of rhachated and dosicoated
microbes: 0

necessary measures are mniﬁplmary_ﬁrotmmJ_ e

Standard cleaning,bioload
monitoring, heating seale

subject to further study of  comorenioee cior

and molecularbioload analysis : . No

mild heat treatment. —_—— e — @—dm—;ﬂ.—.md— -

conditions for terrestnal li

rrent data indicate that heat-treatment of |
g sgac_ecraf_t at 60 _C for 5 hours will eliminate all
physiological groups that can propagate on the target

2

Stringent Planetary ProtectionRequired: NASA standard cleaning a
analysis, and Vikinglevel, terminal sterilization OR decline mission.



Examples of Implementation

Example 3: Jupiter orbiter
w [/ 2dz R ON} aK 2y 9dzNPLJ o 5F4F AYR,;

wGiven current knowledge of resurfacing timescales, a random location on
9 dzNP LJF Q& & dibldarceobtraiSpoét to a habitable environment in
1000 years

wOrbital calculations show 10
2 Chance Of hlttlng a random | ve 1 Docurrentdata indicate that the destinationlacks liquid

‘F water essential for terrestridl life?
| No

Iocatlon On Europa Wlthln | Ye 2 Docurrentdataindicat;hetthedestinationlacksanyof

the key element<C, H, N, P§S, K, Mg,Ca, O and Fe,

1000 years . |<.F required for terrestrial life?

Clean Room assembly but noll o V No ) )
bio-load reduction require Do currgqt data indicate that the physical properties of

A A , d e.3 ¢ : !
W ¢ K S é S u é 2 '_F Iror P@t:{rj Pr%cti ‘E.:‘g_r E: i bfg?)t/earlrrg Sltr:g?rlwi}p _tlble with knownextreme
: W INo
iIndependent, and we can | e e ol e eneroy
reaSOHably eStlmate the range I ve currentdataindicatethatlt\fl% probabilityoD

spacecraft, spacecraft parts or contentsontactingthe
abitable environment Is less than 18 within 103 years?,

of variation, so they may be | "y o

. H Ye 6 Do current data indicate that the lack of complex and
multiplied. | 4= c nutents n aqueous emvronm

"~ heterogenousrganic nutrients in agueous environments of icy
é K é 7z microbes? LNO
(6} a dZ f -éCﬁ anae iniFaI PWary Prdcion- NI J1 o - =
- : 71 Do current data indicate that heat-treatment of the
Standard efeaning bioload acecraftat 60 C for 5 hours will eliminate all

. . itoring, heat led ve . spacecral
Of ContaCtlng a habltable ?ooﬁbgﬂgﬂtst%aéggcs?gr% hours‘g_ gE;éf/lgloglcalgroupsthatcan propagate on the target

and molecularbioload analysis v No

environmentin 1000years,. —— — — — — — — — — — — — — — — — —

Stringent Planetary ProtectionRequired: NASA standard cleaning andbioload monitoring, molecular bioload
analysis, and Vikinglevel, terminal sterilization OR decline mission.

moons will prevent the survival of irradiated and desiccated



Necessary Research

Recommendation: The D value times for heat inactivation of spores from
psychrophilic and facultative psychrophilic spore forming bacteria should be
determined at different temperatures, specifically between 4énd 8CC.
These analyses should include isolated psychrophilic faicdltative
psychrophiliddacteria from high latitude soil, water andryopegsamples, as
well as isolated facultativgpsychrophiledrom temperate soils, spacecraft
assembly sites, and the spacecratft itself.

Recommendation: Studies should be undertaken to better understand the
environmental conditions that initiate spore formation and spore germination
in psychrophilic and facultative psychrophilic bacteria so as to compare these
requirements with the characteristics of target icy bodies.

Recommendation: Searches should be undertaken for unknown types of
psychrophilic spordormers, and to assess if any of them have different
tolerances than known types.

Recommendation: Research should be undertaken to characterize the
protected microenvironments within spacecraft and to assess their microbial
ecology.



Necessary ResearaContinued

RecommendationResearch should be undertaken to determine the extent to
which biofilms might increase microbial resistance to heat treatment and
other environmental extremes encountered on journeys to icy bodies.

Recommendation: Technologies should be developed to directly detect and
enumerate viable microorganisms on spacecraft surfaces.

Vegetative Cells (V)

Shewanella oneidensis Colliier Debrig
Staphylococcus sp.

Bacillus sublilis v s

C -
Spores (S)
Bacillus subtilis

10 um

FIGURE 6.1 Vegetative cells and spores on same plate: Vegetative cells “hiding” on plasma-cleaned

surface. Images courtesy of R. Bhartia, JPL.



NecessarnResearclg Continued

Recommendation: Research should be undertaken to determine the
concentrations of key elements or compounds containing biologically
Important elements on icy bodies in the outer solar system through
observational technologies and constraints placed on the range of trace
elements available through theoretical modeling and laboratory analogue

studies.

Recommendation: Research should be undertaken to understand global
chemical cycles within icy bodies and the geological processes occurring on
these bodies that promote or inhibit surfaegubsurface exchange of

material.
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Europa ogreat | akeso model

Misconception: This model makes it easier to transport liquids from
the surface to the ocean.

In fact, the model (as published) requires 10s of km of ice below the
| akes and doesnot work if the | iquid
with the ocean.

If this model is correct, near -surface brines are trapped.
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Triton

Enigmatic
geology

Surface may be
very young

Most surface
activity may be
driven by
cycling of icy
materials other

than water (e.g.
N,, CH,, CO,
etc.)




Ice shell thickness on Enceladus could be highly variable

Huge contrast in heat flow at south polar terrain may imply thin ice
shell (<10 km?)
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Group 1: Flyby, Orbiter, Lander: Undifferentiated, metamorphosed asteroids; |0;
Group2: Flyby, Orbiter, Lander: Venus; Moon (with organic invent@ginets
Carbonaceou€hondriteAsteroids; Jupiter; Saturn; Uranus; Neptune;
Ganymedé; Callistg Titan*; Triton*; Pluto/Charon*; Cereslarge KuipeiBelt Objects
Group3: Flyby, Orbiters: Mar&uropg Enceladus
Group4: Lander Missions: Marguropg Enceladus



